REMARKS 

Claim 2 is pending in this application. By this Amendment, claim 1 Is canceled 
and claim 2 is amended to correct typographical enrors. No new matter Is added. 

The Office Action rejects claims 1 and 2 under 35 U.S.C. § 103(a) as being 
obvious over Beer (British Patent Specification No. 1,480,807). Claim 1 is canceled, 
rendering moot the rejection thereof. The rejection is traversed as it may apply to 
claim 2. 

Regarding claim 2, the Office Action indicates that a sintering temperature range 
and a layer material are the same as those of Beer, and a TiOa-screening layer Is 
formed between a ruthenium oxide formed while being in contact with a titanium surface 
and a platinum metal oxide, and thus, a Ti02-screening layer according to Beer may be 
used with the same aim as the subject invention. However, it is respectfully submitted 
that claim 2 of the subject invention would not have been obvious in view of Beer. 

However, it is respectfully submitted that the presently claimed invention would 
not have been obvious in view of Beer. 

As for the production of the electrode, prior art, including Beer, suggest a 
sintering temperature of 400-550''C or 400-650°C (Beer) to oxidize a coating solution, 
but in the course of practically producing the electrode, the sintering temperature does 
not exceed 550°C. The reason for this is that, in the case of conducting high 
temperature sintering at 600°C or higher, since a base metal (or valve metal) is 
simultaneously oxidized in conjunction with oxidation of a precursor solution, coated on 
the base metal to form a desired oxide on the base metal, a base metal oxide (TiOa). 
That is to say, Ti02 is solid-diffused to a surface of the desired oxide, thereby occupying 
a surface of the electrode, resulting in reduced electrode activity, and performances of 
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the electrode are significantly reduced because surface resistance of the electrode is 
increased (refer to FIGS. 1 and 2), and the oxide coated on the base metal is easily 
stripped from the base metal. Unlike the indication In the Office Action, prior art, 
including Beer, disclose that the sintering of the oxide is conducted at 400-650''C, but 
do not mention that the performances of the electrode are unexpectedly improved when 
the sintering is conducted at 600°C or higher (refer to FIGS. 3 and 4). 

However, conventional patents or documents describe characteristics of the high 
temperature sintering, but do not overcome problems, such as increased surface 
resistance of the electrode, reduced activity of the electrode, and the stripping of the 
oxide, caused by the diffusion of the base metal oxide (Ti02) onto an electrode surface 
because of the oxidation of the base metal when the solution coated on the surface of 
the base metal is sintered at high temperatures. Thus, it is considered that the rejection 
of claim 2 is overcome, in other words, the precursor solution (RuCb, irCb and the like) 
coated on the surface of the base metal is more sufficiently oxidized during the high 
temperature sintering than at a conventional sintering temperature, thereby providing 
Improved characteristics to the oxide of the electrode surface. 

However, this advantage is completely countervailed by the oxidation of the base 
metal during the high temperature sintering and the solid diffusion of the base metal into 
the surface of the oxide (hence, in practice, sintering is usually conducted at 
temperatures less than 550°C even though Beer's final sintering temperature is within a 
range of 400-650''C). Moreover, in order to prevent the characteristics of the electrode 
from being reduced, before the precursor solution (RuCb, IrCb and the like) coated on 
the surface of the base metal is sintered at high temperatures, a metal oxide layer, such 
as Ti02 (it assures a predetermined electric conductivity when it is sintered at 550°C), 
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Sn02, Ir02, or RuOa, is formed on the surface of the base metal to form another electric 
conductive oxide layer at 450-550''C, for example, a metal-like oxide layer, on the 
surface of the base metal, and the solution, which Is capable of producing the desired 
oxide according to a procedure similar to a conventional oxide production process, is 
coated on the metal oxide layer, dried at 60-70''C, and heat treated at 250-350''C. 

This procedure is repeated to increase the number of coated layers, and the 
resulting structure is finally sintered at 600-700''C to produce the desired oxide layer. In 
this regard, Beer does not mention the electric conductive oxide layer formed at 
450-550''C. that is, the TiOa (base metal oxlde)-screening layer for preventing the 
oxidation of the base metal and the solid diffusion of the base metal onto the surface of 
the desired oxide layer during the final sintering (I.e., metal oxide for preventing the 
oxidation of base metal and the diffusion of the base metal onto the desired oxide of 
Ir02 or RUO2 during high temperature sintering). As shown in FIG. 5, the additionally 
applied oxide layer serves to reduce the oxidation of the base metal (Ti) during the high 
temperature sintering for formation of the final surface oxide, thereby maintaining a high 
concentration of the desired oxide in the final oxide layer unlike the case of employing 
no additional oxide layer. Accordingly, it can be seen that oxidation characteristics of 
organics are Improved when the Ti02 (base metal oxide)-screening layer is employed 
during high temperature sintering as shown in FIG. 4. 

As for present claim 2, although the Examiner asserted that "a Ti02-screening 
layer is formed between a ruthenium oxide formed while being in contact with a titanium 
surface and a platinum metal oxide, and thus, a Ti02-screening layer according to Beer 
may be used with the same aim as the subject invention". Beer does not mention the 
TiOyscreening laver . The three-stage sintering process described in Beer includes a 
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drying stage at 80-1 20°C, a moisture removal and crystallization stage at IZS-SOO^C, 
and an oxide formation and attachment stage at 400-600*'C, which is intended to 
maintain a multicoated layer to enlarge a layered structure during when the precursor 
solution (RuCIs or IrCb in solution) is coated in a multilayer coating manner, and to 
reduce a thermal shock caused by a physicochemical phenomenon during the sintering, 
and this process is adopted to form the desired oxide layer after the Ti02-screening 
layer is formed. When a coating solution (RuCIa or IrCIa in solution) is coated in the 
multilayer coating manner, after the first coating is conducted using the coating solution, 
water and diluent (the coating solution is an acid or alcohol base solution) are 
evaporated from the coating solution at 80-1 20°C and IZS-SOO^C, and metal ions are 
bonded to oxygen in air to start to fonm oxide crystals while a CI component is 
dissociated. 

If the coating solution is additionally applied on the previous layer while this stage 
is omitted, since the previous layer is not completely dried and set, when the coating 
solution is additionally painted on the previous layer, the additional coating solution is 
mixed with the previous InsufTiciently dried layer, and thus, a laminate having distinct 
layers cannot be fomied. Furthermore, if the coating solution is heated to 400-600°C 
using a furnace immediately after it is applied on the coated layer, since the base metal 
and oxide have different thermal expansion coefficients, the coating solution 
insufficiently adheres to the previous layer and is easily separated from the base metal, 
and many cracks are formed on the final oxide layer, and thus, the surface becomes 
unstable. As well, the case of sintering the coating solution directly applied on the Ti 
base metal is different from the case of forming the Ti02-screening layer acting as the 
firm oxide layer between the Ti base metal and the desired oxide layer according to the 
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subject invention in view of the diffusion of the oxidized base metal onto the desired 
oxide layer when the base metal is sintered at high temperatures. 

In other words, in the case of employing no TiOrscreening layer, when the 
solution coated on the surface of the base metal is oxidized by heat, the base metal is 
heated and oxidized. The base metal oxide is easily diffused from the surface of the 
base metal to the oxide layer of the electrode surface, and thus, many base metal 
oxides are present on the electrode surface. However, in the case of employing the 
Ti02-screening layer, since the firm oxide layer is formed between the base metal and 
the desired coated layer to be sintered, the base metal oxide is not easily moved to the 
surface of the desired coated oxide layer. Accordingly, in the case of employing the 
TiOa-screening layer, when a metal oxide concentration is analyzed according to a 
depth of the oxide layer as shown in FIG. 4, the base metal component content is low in 
the final oxide layer. According to the subject invention, the oxide layer, such as Ti02- 
screening layer, positioned under the final oxide layer, functions to suppress the 
oxidation of the base metal and the solid diffusion of the base metal to the surface of the 
oxide layer during the high temperature sintering, and to reduce a concentration 
gradient of the oxide between the base metal layer and the desired oxide layer, thereby 
preventing the final oxide layer from being stripped. 

Thus, the subject matter of pending claim 2, requiring both sintering at 450°C to 
550°C and at 600X to TOCC, would not have been obvious over Beer, which, at best, 
only very broadly mentions a single oxide formation and adherence step at 400°C- 
650°C. Thus, reconsideration and withdrawal of the rejection under 35 U.S.C. § 103(a), 
as it relates to claim 2, are respectfully requested. 
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Conclusion 

In view of the above remarks, Applicants respectfully submit that this application 
is in condition for allowance. Favorable consideration and prompt allowance of the 
claims is earnestly solicited. Should the Examiner believe anything further is desirable 
in order to place this application in even better condition for allowance, the Examiner is 
invited to contact Applicants' undersigned attorney at the telephone number listed 
below. 

In the event this paper is not considered to be timely filed. Applicants respectfully 
petition for an appropriate extension of time. The Commissioner is authorized to charge 
payment for any additional fees which may be required with respect to this paper or 
credit any overpayment to Counsel's Deposit Account 01-2300, making reference to 
Attorney Docket No. 101 190-00022. 



Customer No. 004372 
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Washington, D.C. 20036-5339 
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Abstract 



measurement of 4CP organic destruction at the^^^ A S^iZ^f^i "'^^ "^^^ ^OC 

suggested to the Uteratuie for the Ir oTidT.^^,!^. u "f"!*^ temperature of around 650 "C rather than 400-550 "C 
sumdentiy convert tt^fft5Zfte^ t^^^"^. destruction yield because the dertrode surf^ 

substrate.'^to prevent f sS Sbn'S^TlStnT^^^ZS'^^-.ir T^^^^ layer'^d'^S.r^ 
improved the organic destruction so that the 40* detoucdr^d togh-temperature smteriBg. further 

o«de dectrode. Tl,e destruction yield of ^P»U^^,rj^^ 

RuO, electrode entered at 430 'C In the STiTZ^e ^ improved electrode increased as much as that by an 

active chloride compounds. © 2S)?iLe^S<^^^^^^ 
Kes^dK Catalytic oxide electrode; DSA; Organic orfdatlOA; RuOj; bQ, 



1. Introduction 

The DimensionaUy Stable Anode (DSA) of catalytic 
oMde electrode, which can generate an active hydroxyl 
radical and active chloride species to destroy refractory 
organic waste into carbon dioxide and water with a 
relatively low overpotential to oxygen and chlorine 
evolutions and with a long lifetime, has been widely 
used m the fields of oxygen, dbJorine producticln, and 
waste water treatment m the past two decades [1^141. 
•The most representative DSA are RuOj/Ti and IiOyTi 
of a rutile structure. It 19 known that catalytic activity of 
RuOa »s higher than that of IrOj, whereas the IrOz 
electrode is more stable and has a much longer lifetime 
than the RuOa electrode so that IrOj decnode has 
attracted a greater deal attention than RuO^ electrode in 
View of the commercial application of DSA [10 15-18] 
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However, despite the long lifetime property of the JxO^ 
auode, cases of its appKcation to organic waste dcstnio- 
^00 arc very rare, compared with that of RuO^ ai^ode 
Also, organic destruction yield by the IrO^ electrode has 
been confirmed in onr laboratory to be much lower than 
those by RuOj and SnOj electrodes. The DSA electrode 
Jts generally evaluated in terms of electrochemical 
properties such as voltammetric charge capacity repre- 
senting active surface sites of the oxide electrode, Tafel 
slope and overpotential for oxyg^a or chlorine evolu- 
Uon, electrode surfkce impedance, and so on [4-13] 
Even though a DSA has good electrochemical and 
material properties, the electrode fabricated under those 
conditions may have a bad result for organic waste 
destruction. For example, the siboit«?ring temperature 
range of 400^550 *C recommended in the Uterature 
[1^10,1 5-211 for the fabrication of the Ir oxide electrode 
has been found in our experiments not to be the best 
temperature for the oxidative destruction of 4.chloro- 
phenol. Therefore, the best fabrication condition of a 
catalytic oxide electrode for organic waste destruction 
should be decided after simultaneous evaluations of the 
reserved. 



No. 4536 P. 10 

K ^ Xim et al / EUctrochtniea Acta 47 (2002) 262S^2SSJ 



2004'y imV 9AI395 

2526 



material, electroch^jmical, and orgajoic waste destructiott 
properties of the electrode. 

In this work, an improvement of Ir oxide electrode 
performance for orgamc destruction while keeping a 
long lifetime of the electrode was investigated by 
evaluating the several electrode properties mentioned 
above. 



2. Expertmenta] 

All reagents for the precursor solutions used in this 
Work were chemical reagent grade and used as received 
RUCI5 (Adiich), TiCU (Yakuri Obem.) and IrOa (Alfa 
Aesar) were dissolved in 1:1 v/v HO to pjrepare the 
precursor stock solutions of 0.2 M. Demineralized water 
of 18,2 Mft prepared by distiUing twice and an ion- 
exchanger (Mill-Q plus) was used for the preparation of 
the precursor solution and washing the Ti substrate. 

The Ti substrate of the oxide electrode for the 
measurements of material and electrochemical proper- 
ties was 99.4% and a plate type of 1 x 1 x 0.2 cm* was 
used. The one for organic destruction was a Madras 
type of 1 X 1 X 0.2 cxxx^ with a mesh of 6 x 12 nmi^ The 
Ti substrate was etched in 35% Ha at 61 ±1 **Cforlh 
after decreasing. The etched Ti was thoroughly rinsed 
with water. The oxide electrodes were prepared by 
carefully brushing the precursor solution on the etched 
Ti substrate of plate type, and the Madras type substrate 
was dipped into the precursor solutiott. The pr^axed 
electrode was dried at 90 for 5 min, sintered at 
350 X for 10 min. These steps were repeated to get 
multiple coating layers and the electrode was finally 
annealed between 400 and 700 '^C for 1 h. The details of 
the preparation of the oxide electrode was mentioned in 
our previous papers [13,14,22]. 

The changes of Ti substrate weight and oxide 
electrode weight after etching and sintering were mea- 
sured. For cx-situ analyses, XPS (X-ray photoelectron 
spectroscopy: VG sd«iti&c ESCALB-200R) for the 
measurement of the composition of compounds near 
the surface, ABS (Auger electron spectroscopy: VG 
Microlab 300R) for the measurement of composition of 
.compounds along the oxide depth with an etching for 
cleaning the sample oxide surface by Ar"*" sputtering for 
about 20 mui btfore the measurement, and TOA 
CThennograYunetric Analysis: TA instrument SDT 
2960) for the measurement of thermal decomposition 
properties of Ir and Ru chlorides were used. The surface 
resitivity of the oxide electrode was simply measured by 
a multi-meter with two probes of a constant distance as 
an average value of ten times measurements. For in-situ 
analyses, the electrochemical properties of the oxide 
electrodes were measmcd in a thrce-nedked 250 ml 
volumetric flask with 200 ml of 0.5 M H2SO4 at 25 ± 
1 by using a potentiostat (BAS lOOB) with a 



reference electrode of a saturated KQ-Ag/AgQ (SSE) 
and a counter electrode of Pt wire. The lifetime was 
measured as a time taken for voltage between working 
and counter electrodes to reach 10 V in 1.0 M H2SO4 at 
65 ''C with a constant current density of 345 mA/cm^. 
For the organic destruction test, 4-chloropheonol (4CP) 
of 30 ppm in pH 7 buffer solution (0.05 M H3PO4 4-0.05 
M NaH2P04) was oxidized with Ir oxide electrode as an 
anode and SUS 316 as a cathode at a current density of 
40 mA/cm^ and in 5 mm distance. The solution was 
sampled at regular intervals, and then TOC (total 
organic carbon) in the solution was analyzed by a 
TCX: analyzer (Shimadzu TOC-5000A) where TC (total 
carbon) and IC (inorganic carbon) in the solution were 
measured first. ITie chloride ion and free residual 
chlorine m the solution during electrolysis were analyzed 
by the standard DPD methods for Hack DR 2000. 



3« Results and discns^on 

The final sintering temperature for the fabrication of 
an Ir oxide electrode has been known to have to be 
between 400 and 550 "C, in other worxls, not to exceed 
600 m the most papers [1-10,1S-21J. It is consid- 
ered that the temperature was decided as the tempera- 
ture which gave the electrode a low surface resistance 
and an appropriate electrochemical activity. Fig. 1 
shows cyclic voltammograms of Ir oxide electrodes 
sintered at different temperatures measured between 
oxygen and hydrogen evolutions at a scan rate of 40 
mV/s. As the sintering temperature increases, the 
measured current is observed to decrease rapidly. It 
means that the sintering temperature affects the elec- 
trode activity greatly. The peaks of the Ir oxide electrode 
of P1/P2 and P3/P4, which arc ijo agreement with those 
of published results [11,23], are due to the redox 

2.0 r- — — — 
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Voltage /V vs. SHE 

Fig. 1. Cyclic voltammogram of Ix owdc d^ode ia l.O M H2SO4 
with aniering tanperatuiie. 
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Voltammetric charge capacity of Ir oxide electrode In 1.0 M 
otS04 with smterins temperatura. 

transitions of electrode surface oxyiridium group spe- 
cies, Iran)/Ir(IV) and Ir(IV)/lj:(VI). Fig. 2 shows the 
voltarometric charge capacity (Q), which is calculated by 
the mtegration of a cyclic voltammogram between +0.5 
and + 1.23 V vs. SHE measured at a scan rate of 40 mV/ 
s and then divided by the scan rate. The voltammetiic 
charge capadty is an important parameter for evaluat- 
ing the electrochemically active surface area of the oxide 
electrode. The voltammetric charge capacity of the Jr 
oxide decreases exponentially with the sintering tem- 
perature. Fig. 3 shows the surface resitivity of the Ir 
oxide electrode with sintering temperature. The surface 
resitivity keeps under about 1 ft cm at less than 550 ^'C, 
but goes up rapidly after 550 *C so that it comes to 
about a 1000 ft cm at 700 *C. Th^ increase of surface 
resitivity after 550 "C is considered to be attributed to a 
soUd difRision of the TiO^ generated from the oxidation 
of the Ti substrate during iugh temperature sintering up 
to electrode surface through the Ir oxide cracks existing 




W 450 500 550 . 600 650 700^ 

Slnterfnd tBmporature/^C 
Fig. 3. Surface rowtivity of Ir oxide wjth stetering temperature. 



on the Ti substrate. The possibility has been previously 
suggested elsewhere ri3,29]. In order to check this two 
widMcanned XPS spectra near the surfaces of the Ir 
oxide on the Ti substrate sintered at 400 and 600 *C 
were naeasured and are shown in Fig, 4. The Ti 2p^ 
peak of the Ir oxide sintered at 600 ''C becomes much 
more developed than that at 400 comparing with 
p^ks of It 4p, 4d, 4f. because of the soHd difRision of 
T1O2 from the Ti substrate to the electrode surface Qn 
the basis of these results of Figs. 1-4, the sintering 
tempecature for the fabrication of an Ir oxJde electrode 
15 inferred to be chosen between 400 and 550 *C taking 
into consideration of a sintering temperature to ^ve the 
electrode a suitable electrochemical activity while to 
keep the surface resistance low. 

Fig, 5 shows the removal yields of 4CP at Ir oxide 
deotrodes smtered at difiEterent smtering temperatures 
The removal yield of 4CP is the best at the electrode 
smtered at 650 which is about 100 *C higher than 
the smtenng t«nperature recommended in the Uterature 
Jfor Ir oxide electrode. In order to explain the reason, 
TGA measurements showing the thermal decomposition 
properues of IxCh and RuClg used for the precursor 
solution to be painted on Ti substrate were shown in 
Fig. 6. The obtained TGA patterns agree with those in 
hteratures [4]. FSg. 6 shows that more than 600 is 
reqmred for IrClg to convert sufficiently to Ir oxide. In 
view of this result, a temperature less than 550 is 
thought to be too low for the preparation of Ir oxide 
electrode. In Fig. 6, the temperature for RuCU to 
decompose to RuOa is about 390 ^C. Therefore, the 
wnteimg t«npcrature of 400-^500 suggested for the 
Ru oxide electrode in the literature [1-20] is considered 
to be sufQcienUy high for RuQs to convert to Ru oxide 
From these results, one of the reasons for the lower 4CP 
destruction yield below 550 <'C than at 650 is 
considered to be dne to the insufficient converaiou of 
IrOj to It oodde. It results in the deficiency of sites on 
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Fig. 4. XPS spectra of Ir oxide sintered at 400 and 600 
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Fig. 6. TGA and DTA spectra of IiOa and RuOj. 

the It oxide surface to generate an active hydroxyl 
radical (OH ) from water [1-9]. The big decrease of the 
rexaovaJ yield of4CP at 700 in Fig. 5 is considered to 
be because the soUd diffusiou of TiO^ oxidized from the 
Ti'substrate up to the Ir oxide-coating surface occurs at 
the high temperature. In that case, some of the active 
sites of the Ir oxide surface to produce the active 
hydroxy! radical are covered with the TxOz of inert 
and insulating property. 

In this work, in order to overcome the problems which 
are the decrease of electrode activity and the increase of 
elwtrode surface resistance resulting from the soHd 
diffusion of Ti02 due to the oxidation of the Ti substrate 
Itself at a higher temperature than 600 for the purpose 
of sufHcient conversion of IrClg to Ir oxide, another layer 
of a valve metal oxide, in othei- words, a TiOi-scrceninff 
layer to prevent the soKd diffusion of TiO;^ at a high 
sintering temperature, was added between the Ti substrate 
and the Ir oxide layer. In Fig. 7(A), the removal yield of 




OxfdB eleclrodo ftmnpies 
l^ L^ ««A/c«^ » PH 7 sotatio^ CB) «d »l*o„t (A) 

4CP by the Ir oxide electrodes sintered at 450, 550 and 
650 "C with and without the TiOa-screemne layer are 
ootapared. The 4CT destruction yield at the Ir oxide 
electrode prepared at 450-550 "C was about 5-^/„ aad 
that at 650 'C increased up to about 1 2%. niat at 650 'C 
with the TiOyscreening layer comes to 22%, about two 
timw more. In order to confirm the screening effect of the 
soUd diffusion of TiOj due to the oxidation of the Ti 
substrate by the additional valva metal oxide layer, depth 
profiles of ooo^onents of Ti, b. and O wiOito Ir oxide 
layer with and without the n-screeniag layer sintered at 
650 'C for Ih were measured by AES. and are shown in 
Fig. 8. In the case without the -n-screeoing layer, the 
relative composition of Ti is totaUy higher than that of Ir 
because much sottd-difiusion of TiOj due to the oxidation 
of the Ti substrate occurs. In the case with the TiOa- 
screenmg layer, on the other hand, the results are opposite. 
This effect was reconflnned by XPS and the results are 
shown in F^g. 9. In flbe case without the TiOa-screening 
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Pig. 8. QMceatnitlon depth profiles of Ir, TI. and O componeatt 
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Ffe. 9. XPS spectra of h oxide layers with and without Ti-soreeninfi 
Jaycr sintered at 650 'Cforlh. -^i^i^iuag 

layer, the Ti peak become$ iclatively better developed as 
compaxed with that of It. However, for the case of the Ir 
03dde electrode with the TiOa-screening layer, Ti peak 
goes down to be relatively lower than the Ir peaks. The 
surface resitivity at 650 *C without the TiOi-screcnmg 
layeris - 1 00 n cm, as seen in Fig. 3. However, the value in 
the case with the TiOj-screening layer was cxperimentajUiy 
measured to become less than 1 0 Q cm. This means that the 
amount of TiO^ generated at a high temperature on 
electrode surface has a great eftcct on the surface 
resistance. AD these results provide a convincing 
argument that increase of the sintering temperature for the 
Ir oxide electrode up to 650 so as to convert 
sufficiently IrCU-IrOj while controlling the soUd- 
diflftuon of Ti02 due to Ti substrate o;judation by an 
additional TiOz-screening layer can effeciively enhance 
oxidative orgaoic destruction yield. 

Papers [10,15,24,25] relating to the DSA of IrOa or 
RuO^ show an attempt to hnprove the electrocheroical 
properties by a TiOj-IrO^ or TiOa-RuOj mixture 
electrode sintered at 450-550 after adding TiCU 
into the precursor solution of IrCl^ or RuQa. Therefore 
it could be thou^t that the high sintering temperature 
more than 600 used in this work makes naturally 
Ti02 itself due to the oxidation of Ti substrate within 
the IrOa or RuOz, thus the existence of Ti02 results in 
the increase of 4CP destruction yield. Accordingly, only 
an artificially addition of TiOz in an Ir02 or RuO^ 
electrode prepared at a low temperature less than 
550 not to generate the oxidation of the Ti substrate 
may increase the organic destruction yield. To confirm 
it, the removal yields of 4CP at IrOa-TiOa mixed 
electrodes sintered at 500 ^'C with precursor solutions 
of ratios of IrOa-riCU of 5:5 and 3:7 were compared 
with those at an IrOi electrode prepared at 650 with 
and without Ti02-scr6ening layer, and shown in Fig. 10. 
It shows that the r^oval yields of 4CP at IrOj-TiOi 




Oxide oloctrode samplos 

Fig. 10. Removals of 4CP for 2 h tifii»s ^wvcwl Ir oxide electrodes of 
}2 to" at 40 mAJcwr in pH 7 soluiioM. 

mixed electrodes sintered at 500 '^C are ahnost the same 
to that at Ir02 electrode prepared at 500 It means 
that the existence of TiOa itself does not affect the 
organic destruction yield, but the sintering temperature 
does. 

In Fig. 7(B), removal yields of 4CP in a solution of pH 7 
with the chloride ion of 1 ,000 ppm by using several IrOa 
electrodes and an RuOi electrode sintered at 430 ''Cweie 
conqjared with those at the same electrodes in the 
solution without the chloride ion of Fig. 7(A). In the 
case of the solution without the chloride ion, the removal 
yield of 4CP at RnOj electrode is about 37.5%, but in the 
case with the chloride ion, it increases to 58%. The 
removal yield of 4CP by using the improved Ir oxide 
electrode with the TiOa-screening layer in the solution 
without chloride ion is 22%, however, the value in the case 
of the solution with the chloride ion goes up to 57% as 
tnuch as that by the RuOs electrode. An Ir oxide electrode 
sintered at less than 550 °C cannot dcstruct 4CP as much 
as that at the Ru oxide electrode even in a chloride ion 
solution. The chloride ion is known to chaugc into active 
chloride compounds such as hypochlorite ion, hypo^ 
chlorite acid, chlorate ion at the catalytic oxide electrode 
that are effective in attacking organics like the active 
hydroxyl radical [26-28]. The generation mechanism at 
the electrode is explained, as follows. 



ci,4- HjO^ Hao+a^ + H-^ 

HC10?±H-^-l-C]0- 
6CIO- H- 3H2O 

2CiO,~ -h 4Cr + 6H"' + 3/20^ 6e- 
CIO3- + H2O ^ 2CIO- -hlH* 4-2c- 
ClO- + 2HOa 003-^ + 2a- + 2H* 

Fig. 11 shows an accelerated lifetime test of a Ru 
oxide electrode prepared at 430 and an Ir oxide 



(I) 
(2) 
(3) 

(4) 
(5) 
(6) 
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Fig. n. Ufetlmc of RuO, and IrO, dcctrodes ijx 1.0 M H2SO4 at 
65 C at a current dcxwiiy of 345 mA/cm^. 

electrode prepared at 650 '^C with the Ti-screening layer 
that were carried out in 1.0 M H2SO4 at 65 "C at a 
current density of 345 mA/cm^. Both electrodes had four 
Ir or Ru oxide layers by dippiag them in 0.2 M 
precursor solutions and sintering repeatedly. The Ufc- 
time of the Ru electrode was about 10,6 h at which time 
bare Ti substrate appeared on the electrode and the 
measured voltage between the cathode and anode rose 
suddenly up to more than 10 V. In the case of the Ir 
oxide electrode, the end of lifetime was not observed in 
the experiment period of about 550 h. Hxese results 
mean that the improved Ir oxide electrode for organic 
destruction is as stable as the conventional Ir o»de 
electrode. The lifetime of the Ir oxide electrode is 
guessed to be able to have more than 2000 h/mgi^) on 
the basis of our previous experimeaats on Ir oxide 
electrodes. The fluctuation of the measured current in 
Fig. 1 1 was due to vigorous gas evolution and periodical 
changes of the electrolyte solution and damaged cath- 
ode. 

In order to estimate amotmts of active chloride 
compounds generated from chloride ion in solution at 
the Ir and Ru oxide electrodes, the changes of the 
chloride ion and free residual chlorine compounds 
(Cl2,Aqeow> HQO, QO") during electrolyses by using 
the electrodes of 12 cm^ at 40 mA/cm^ were measured 
and shown in Fig. 12. The decrease of chloride ion 
concentration at the improved Ir oxide electrode sin- 
tered at 650 *C with the TiOa-screening layer is larger 
than those at the Ru oxide electrode sintered at 430 *C 
ajxd at the Ir oxide electrode sintered at 500 '^C. The 
amount of chloride ion, which disappeared in the 

*=^^Se into Cls^^^,, Cl^^a^, 
Hao,aO .etc. through Eqs. (1^6). The amounts of 
free residual chlorine compounds by all the electrodes 
are similar. From all these results from Fig. 5 to Fig. 12, 




Fig. 12. Chaoses of dUotidc ion and ixtt reudual chlorine seaerated 
at sevaral ojude dectrodes of 12 cm* at 40 mAAai^ In solutions with 
lone. 

the Ir oxide electrode sintered at 650 °C with the Ti02- 
screening layer can be said to show a big improvement 
for organic destruction while keeping a long lifetime and 
an effective generation of active chloride compounds or 
active hydrojiyl radical, compared with the Ir oxide 
electrode prepared at 450-550 *C. 



4. Conclusions 

An Ir oxide electrode sintered at around 650'*C rather 
than 400-550 'C suggested in the literature enhanced 
organic destruction because the electrode surface was 
sufTtciently. converted to IrOa from the I1CI3 of the 
precursor solution. The additional TiOj^screening layer 
between the IrO^ layer and the Ti substrate, preventing 
the solid dimision of TiOi oxidized from the Ti 
substrate during high-temperature sintering, further 
enhanced the organic destruction. The 4CP destruction 
yield on such improved electrode raised to about four 
times higher than that by the conventional Ir oxide 
electrode. The removal yield of the 4CP in the solution 
with the chloride ion at the improved electrode increased 
as much as that by the RuOa electrode sintered at 
430 °C in the same solution. The improved Ir oxide 
electrode had a long lifetime and a good production of 
active chloride compounds. 
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Catalytic cxida dlecttodos, caUed daaensioxiaUy stable anodes 
(DSAs), can gBQ«rate active hydroxyl nulicals and acdve chloride 
species to destroy reftactoiy ocganic waste into carbon dioxide and 
water with a relatively low overpotential for oxygen and chlorine 
evoludon and with a long lifetime.* ** Such electrodes have been 
widely U8cd in the fields of oxygen and chlorine production, as well 
as wastewater treatment in the past two decades. The most repiescn- 
tatlve DSAs are RuO^ /Ti and IrO^ fTx of a nitilc structure. It j$ 
known that th^ catalytic activity of KuOj is higher than that of IiO^ , 
whezcay the b02 electrode is more stable and has a nsudi longer 
lifetime than the RuO^ electrode $o that the XjrOj elecixode has at- 
tracted greater attention than the RuO^ electrode for the commercial 
ajppUcatiQA of PSA.**'*'"*^ 

The sintering temperature recommended in the litoramre'**^"**'" 
fbr the Ru and Ir owdc electrodes is 400-SSO**C, not to exceed 
600^0, taldns uito consideration the electrochemical and tnaterial 
pjrop«rtie$ of the electrodes. The fabricated DSA electrode is gener- 
ally evaluated in terms of electrochemical properties such as voltam- 
mccric charge capacity representing active surfhoe siceg of the oxide 
electrode, I^fel slope and ovecpotential for oxygen or chlorine evo- 
hition, clectjcode surface Im^edanoe, and $o oja.***^ Even though a 
DSA has good electrochemical and material properties, the elecixode 
may not be eHeciive for organic waste treatment. Tn onr previous 
work,-^-^^ for example, an Ir02 electrode sintered at 400"550''C, 
showing the best electrochemical and material propcities, did not 
destroy 4-chIorophenol (4CP) more effectively than those sintered at 
^00-650^C. This means that the usual sintering temperature for cata- 
lytic electrodes mentioned in the literature may not be die best tern- 
peranare fbr preparation of electrodes for the oxidative destruction of 
4CP. Thercftnrc, the best febrication condition of a catalyiic oxide 
electrode for oiganio waste destruction should be chosen after simul* 
mficm evaluation of the material, and of the eloctrochemical and 
organic waste desmictioo properties of the electrode. 

The sintering temperature is the most importam variable among 
several variables affecting fabricated catalytic oxide electrodes. In 
this work, thereibre» the material, eleciiochemical, and organic de- 
straction properties of Ru and Ir oxide electrodes were measured 
with diffcirent sintering temperatures and then the decomposition 
mechanisms of 4CP to carbon dioxide at Ru and Ir oxide electrodes 
sintered at low and high temperatures were evaliated and compared. 



* g^aail: nkwldm^lcMrLroiar 



Experimental 

All reagents for the precursor solutions used in this work were 
chemical recent grade and used as recedved. RuClj (Aldrich) and 
IrCls (Alfa Aesar) were dissolved in 1:1 v/v HCl to prepare precur- 
sor stock solutions of 0.2 M. DemineraUzed water of 18.2 MH pre- 
pared by distiUing twice, and an ion-exchanger (Milli-Q plus) were 
u$ed for the preparation of thp preowsor solution end wiwhbg the Ti 
substrate. 

the Tl substrate of the oxide electrode for the measurements of 
material and electrochemical properUes was 99.4% and a plate type 
of 1 X I X 0.2 cm dimensions was \iSod. The one for organic lio- 
$truction was a Madras typo of 1 X 1 X 0.2 cm with a mesh of 6 
X 1 2 mm. The Ti substrate was etched in 35% HCl m^i^VX^fsa 
I h after degreasing. The oxide electrodes were prepared by carc- 
fidly brushing the precursor solution onto the etched Ti substrate of 
the plate type, and the Madras-type substrate was dipped into the 
precursor SoluliOu. The prepared electrode was dried at 90"C jfox 5 
min and sintered ac 350X: fbr 10 min. These steps were repeated to 
get multiple coating layers and the elocixodfi was fbally annealed 
between 400 and 700'C for 1 h. The net oxide weight on the Ti 
substrate used in this work ate about 0.371 mg^cm^ |br Ir oxide and 
about 0.21 vo^Qof for Ru oxide after final sintering below 550*0 
from yMth the Ti substrate itself is oxidized to cause the increase of 
w«^t of the net oxide on tho T\ substrate. The details of the prepa- 

PS^Ji^^,^^^^^ electrode are mentioned hi our previous ' 
papeis.1*'*^^-" 

The changes in TI substrate weight and oxide electrode weight 
after etching and sintering wene measured. For cc situ analyses, 
X-ray photoelectton spectroscopy 0CF5, VG s^icntiiic BSCAJUA3- 
200R) was used for the measurement of the composition of com- 
pounds near the $urface. The surface resistivity of the oxide elec- 
trode was simply measured by a roultnneter with two probes of a 
constant distance as a» average value of ten mea$urBments. For in 
situ analyses, the electrochemical properties of the oxide electrodes 
were measured in a three-necked 250 rul- volumetric jQlask with 200 ' 
mL of 0.5 M H;^SO« at 25 2: I »C by using a potentiostat (BAS 
lOOB) with a reference electrode of a saturated KCl-Ag^AgCl satu- 
rated euU&te electrode (SSB), and a counter electrode of Ft wif«. The 
accelerated lifetime was measured as the time taken for the voltage 
between worlcing and counter electrodes to reach 10 V in 1.0 M 
H3SO4 at 65*C with a constant current density of 1,000 mA/caa^ 
For the organic destruotinn test, 4CP of 30 ppm in pH 7 buflfer 
solution (0,05 M HaFOa + 0.05 M M8H2F04> was oxidkcd with a 
Ru or Ir oxide electrode as an anode and SUS 316 a$ a cathode at a 
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FlBure 1. VoloimnRiric chatsge capacitica of and Ru o«jidB eleoixx)dB9 tn 
1.0 M H2SO4 with sinteniag tejnjpexBime, 
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VtsoR 2. Surface 7e«jlnlvitie« of ]r and Ru oxide eleetitKba with suitcnnB 



current density of 40 mA/cm' ocxd with $ mm sepaiatioiL The sol^ 
tion was sampled at regular intcarvals: the total ozganic cafboo (TOC) 
in the $olutioa wa^ anoJyzed by a TOC analyzer (sattimadzu TOC- 
5000A) where TC (total carbon) and IC (inorganic ca«ba)a> in ihc 
$olution were measured first. Th« intennediate species generated in 
the sDJution during the electrolysis were detected and evaluated by 
m chroxttatpswby (GC, Hewlett Packard 6890)-mass spectros- 
copy (Hewlett Packard 5973N MSD). 

Results and Dlscnssion 
The be«t final sintering temperature fbr the £khrication of Ir and 
Ru oxide electrodes has been rejjorted to be between 400 and 550X, 
io oOior words^ not to exceed 600'C» in most papers.*"^^'"*^^' It is 
considered that the temperature which gave the electiode a Ipw sujr- 
fece re$i$tanco and an appropriate electrochemical activity was se- 
lected. 

Figuxe 1 ^hows the voltammetxic charge capacities (fi) at Ir and 
Rm oxide electrodes, which arc czdcutated by the integration of a 
cyclic voltammogram between +0.5 and +1.23 V v^-. sanirated hy- 
drogen electrode (SHE) measured at a scan rate of 40 mV/s and dKO 
divided by the scan rate. The voltammetric charge cecity is an 
important parameter for evaluating the electtochejmioaUy active sur- 
face area of the oxide electrode. The voltannneiric charge canactty 
of the Ir oxide electrode is much higher than that of Ru oxide when 
both electrodes are prepared with precuzacgr solutions of the same 
ooncBntratton. The values of the Ir ai3d Ru ogisde olecirodBs decaease 
with the sintering temperature. However flie decrease Ibr the ox- 
ide electrode is more dlsdnct and rapid. Table I provides the real 
Brunawer-JBrnmett-ToUer (JBET) values of Ru and Ir oxide electrodes 
sintered at 450 and <00*C. Hie relative values of BFT of Rm and Ir 
oxide electrodes sbtered at 450 and 6O0'C arc similar to those of 
the voltanunctic charge cs^acitles in Fig. 1 so (hat it is considered 
that the electroekKSDoically active sites of the electrode have a close 
relationship to the actual geometric surfice area of the electjcodc. 

Figure 2 shows the gurfece rewtivities of die Ir and Ru oxide 
electrodes with sintering temperature. The suijEace resitivity retnains 



Tnhlt I. BET of UOi and R11O2 ilmered *t 4S0 aed 600«C. 
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und^abo« I Q cm at less than 550^, but goes up rapidly above 
550*C so that the surface resistivity of Ir oxide increases to -1,000 
n cm at 700*C. The rapid increase of surfecc resitivity above 550*C 
is attributed to soUd diffusion of FiOj , generated flrom the oxidation 
of the Tl substrate during high teooperaturc sintering, up to the elec- 
trode surface through the Ir or Ru oxide cradks exlstfaig on die Ti 
subsoatc. This Inteipretation has been suggested elsewhere^^* and 
confirmed by XPS analysis in our previous work.*'"" In the case of 
a bare Tl substrate without Ir or Ru oxide coating, the suifeoe resis- 
tivity of less than 1 il cm below 5O0**C went up to a fow * m f ^ 10* 
O cm at more than €00'C.^* However, in the case of a Tl subatnie 
on which other metal^e oxide materials such as Ir or Ru oxide 
weje coated, the swrtfeoe resistivity did not increase veiy much, be- 
cause the Ir or Ru oxide layer on the Tl substrate pi«vetu» oxxdodon 
of tbo Ti substiute and because the oxide layer on die 11 substtate 
suppresses th» solid diflusion of any TiOj formed by oxidatioo of 
the Tl substrate durmg hi^ temperature slmerfng. The ojctdatiOQ of 
the Tl substrate above 550*C results hx an Inorease of oxide weight 
of cl«cfrodc; tjia reaults are shorwn in Fig. 3- The xaiio of weisht» of 
fr and Ru oxides oa the electrodes below 55(yC, ^ch were coated 
widi It and Ru precursor sohttions of the same concenitation, is 
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Figure 4. D««imcUofli yJdIds of TOC for 2 li by uamg to and B» ax»fe 
clecttod« of 1 2 cm^ ai 40 mA/cm* with sinMting tenipeiahut. 
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Figure 6. XP3 spectza of Ir md Ru oxide \9ym siatcred at «50^ for I and 



about 1.72 which Js cJlo^o to the atoroio weight ratio of IiOj to RuO, 
of 1.67. Th« results of Fig. 1 to 3 rocan that the sintedng. tempera- 
mre range between 400 and SSO'^C i$ Suitable m vi«w of the Mri- 
cation of It and Ru oxide electrodes with good electrochemical ac* 
tjvity while keeping the surfeoe resisiauce low. 
Ar.^^"^. ^ ^^"^"^^ *® destiuction yields of TOC for treatment of 
4CP by Ir and Ru oxide electrodes siotexed at dijBfacent sintering 
tettiporature«. The removal yield of TOC from 4CP is the best at 
electrodes sintered at about asO^C, which is abowl tOO to 200'C 
high*7 than the conventional sintering tetDi)enifair« in the Uterature 
tor It and Ru oxide electtodos. In order to e;Kplak the xeason, the 
result^ of theimogravimetric analysis (TGA) showing the thermal 
decomposition propwties of TrO, and RuCl,, vdiich we« used as 
the precursor solution to be painted on the Ti substrate, weire exacor 
ined first. V» TGAwwlts have beeo reported in ttie llterahixe and 
in our previous work.*^ The rcsoh shows that mora than 600»C h 
required for IiO, to be converted to Ir oxide. In view of Uxls msuH. 
» temperature less than 550»C is Oiousfht to be too Ufw for <tic 
preparation of an Ir oxide electrode. On the other hand, the tempera- 



iare for RuCla to decompose to RuOa is about 390*C. Therefore, the 
amteiing temperature of 400-500<»C suggested for the Ru oxide elec- 
txodc in the l«eramre'^« is considered to be sufficiently high for 
RuClj to be converted to oxide. From these results, in the case of 
w reasons for the lower 4CP destruo^ 

tiott yield below 550*C compared to 650«C is considered to be 
iosuffic^qpt conversion of IXCI3 to Ir oxide. This results in a defi* 
cxcncy of dtca on the It oxide surface to genexBte active hydroxyl 
radical {OH ) ftom watur.*-* How^ivex; in the case of Rm oxide, the 
d^recof CQRve^OA of RiiQ) to Ru oxide cannot be used to explain 
the better OfsatUe destruction yield at a Ru oxide electtode sintered 
attenq>craiure8 over 600*C, because the conventional sinteritxg tem- 
perature of 400-500*C is suflficiotit for RuCl, to be converted to an 
appcopnate Ru oxide structure, "nxcrcforc, another reason for the 
better organic destruction at Ru oxide electcpdi55 is ueccssaiy. This is 

^l^*t.iSt^^^I^^- ^' ^ decrease of the removal yield 
or^cj* *t 7Q0^ io Fig.. 4 is considered to be oaused by solSd d|#* 




t 4 • 

Sintering time (hr> 

Figure $. Destruction yields of TDC by it& oxide electrodes of 12 cm* at 40 
nWcm' and oxide weigbtt of Ir and Ru oxide electrodes sint^ si SSO^'C 
win a change of sfnteriag dmc. 
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Figure a l^tAl atoount of 4CP destroyed by ustQ£ Ijc aad Bji oxide elec- 
uvdesofUcnx^ sintered as 450 and 650«C at 40 mA/om^ for 1 



ftision ofTiPjf , fanned by oxidaticm of the Ti substrate, up to the Ir 
or Ru oxido-coating aurfiwe. In that case, some of the active sites to 
produce the active hydroxyi Tadicsal at th© oxide sur&ce are covered 
with TIOj ^vlth iui incd and iiwulatjoog property.**'^* From the 
xesults of Fig. 1-4, it is considered that the best imbrication condi- 
tions for catalytic oxide electrode^ for the de^tructioix of ci^acics 
should b? decided alter taking into account all the j&ctors of the 
matetial, eLectrocbemical, and oi'ganic waste destruction properties. 

Although ^ sintering temperature between 600 and 650X gives 
Uie oxide electrode better properties for organic destruction, as men- 
tioned above, sintering the electrode for a long time could allow 
solid difRision of TAOj to the electrode surface due to the oxidation 
of Ti substrate itself, which would result in increases of oxide 
weight on the electrode acaid inactivation of the electrode surface. To 
oonfirm this, the changes of opdde weight on the electrode and de*- 
smictlon yield of TOC were measured as a function of sinteiing time 
at e50^C, and the changes of the XPS spectra at Ir and Ru oxide 
electrodes sintered at 650*C for 1 and 4 h were measured together. 
They are shown in Fig. 5 and 6, respectively. As shown in Fig. 5, the 
oxide weight inereases almost linearly with an increase of &e sin- 
oaring time due to the continuous oxidalion of the Tx substrate, 
which causes the activity of the electrode to be lowered so that the 
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Ftgore 9. Destniction yields of TQC by using Zr and Ru oxide elecicodes of 
12 cmr linttTBd at 450 and 650"C at 40 mA/cm^ with eleotiolysis thne. 
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Figure 10. TIC 
oxide deetrodas 



eleotrolyflf B of 4Qi solutions fivr 30 and 120 mhi at Ru 
at (A) 450«C and (B) 650-C 



destruction yield of 4CP becomes lower. In Fig. 6, the Tl 2p3^ peaks 
of Ir and Ru oxide electrodes dntegred at 4S50"C for 4 h beootne 
relatively nxore developed than those at 650°C fbr 1 h, compared 
with Ir peaJos of 4p^ 4d» 4f, and Ru peaks of 3p,n and 3d, ivapec- 
tively, becaose of tfao solid difitusion of TiQj ftom the H substrate to 
the electrode surftce. These results mean that controlling the sinter- 
ing time at a high tempeKHture is very important. 

Figure 7 shows aecelejated lifetime tests*^-^* of Ir and Ru oxide 
electrodes prepared at 450-650*'C, wfaioh wore oajcded out in LO M 
^2^04 at 65'C at a cufpcnt density of 1^000 raA/cm'. All the elec- 
trodes had four Ir or Ru oxide layers that were formed by dipping 
them in 0.2 M precursor solutions and sintering repeatediy. Oener^ 
ally, the lifetime of the Ir oxide electrodes is much longer than that 
of Ru oxide electrodes, however suxprislngly, the lifetime of the Ir 
oxide electrode Increases with the sintering t en ip ei atm c, whextsa^ 
ttiat of the Ru oxide electrode decreases with the sintering tempera- 
ture. This lifetime property of <he electrodes is very important with 
respect to oommeroial application of Che electrodes. The fluctuation 
of the measured current in Fig. 7 was due to vigorous gas evolution 
and periodic changes of the electrolyte solution and damaged cath- 
ode. 

Figure 8 shows the chauges of the amounts of decomposed 4CP 
by electricity sillied for 1 h at several voltages where oxygien 
evolution occurs, at ir and Ru oxide electrodes sintered at 450 to 
650*^, respectively. An inset showing the xtiMoiMp between sup- 
plied electricity and applied voltage is included in Ftg. 8 a« well At 
the same voltage, the supplied elecoiciiy at the electrode sixtf^^ at 
450^ is higher than that at 650^C. That is considered to have wm^ 
thing to do with the electrode surftce resistivity in Fig. 2. The 
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Figure U. TIC after electrolysis of 4CF solutions for 30 and 120 
oxid« ^loctrodes sintecvd at (A) 450*0 and (B) 6S0^C 
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amount of destroyed 4CP is linear to the total sullied eleoixicity. 
This means That the active hydjroTsyl iwiiwd (OH ) to be able to 
destroy miganios h produced lixie^urly with *e supplied electricity. If 
the electrode pTc^>crty prepaxed at a certain tempetatujco » the same 
as that prepared at a difiTercnt texxxp^muxQ, it makes sense that both 
electrodes should have the same organic destruction yields at the 
same amoum of supplied electricity. However, a noteworthy thing in 
Fis- 8 is that the 4CP destruction yield by the Ru or Ir oxide elec- 
trode sintered at 650*0 Is higher than that by the Rm or Xi oxide 
electrode sintered at 450*C at the same amount of electricity. This 



result means that the electrode prepaied at 650*C has a different 
material stxucture to generate the h>iJrojRyl radical more effectively, 
CQEP^ercd wiiit that sintered at 45{yx:, although the electrode pn^ 
pared at ^50'C has less eleoUodxeoniioal activity as shown in Fig. 1. 

Figure 9 shows the variation of the destruotion yield of TOC at Ir 
and Ru oxide electrodes sintered at 450-65<y*C with electrotysils 
time. Figures 10 and 11 <how total ion cfaromat^gnnu (nc) oxea. 
surcd by CC-inass specoraseopy, wludbi show intamediates fieoei^ 
ated Irom 4CP at 30 and 120 min of electrolysis at Ir and ojdde 
electrodes sinoered at 450-050*0. Table n summarizes all the intefw 
mediate compounds identified by OC-mass spectttwoopy with their 
ictention times. The desimctiQn yield of 4CP increases linearly with 
the eleotrolysis time, and the destruction rate by the electrode sijo- 
lered at 650*C i$ hi^hor than that by the electrode sintered at 450*'C, 
as mentioned above, fa the cases of both Ru oxide electrodes sin- 
tered at 450 to 650*C, aromatic intermediates such as hydiuqutnone, 
l,4-dihydroxy-2-chlQrob€(nzene, and dichlorophcnola appear at 30 
and 120 min of electrolysis, and their amounts at 120 min are much 
more than those at 30 min, Also» low molecular weight aliphatic 
compounds sudi as 2-hydPoxypropanoic acid and 
etboxyethoxy)-2-hydroxyethane are found in all the oases. However, 
in the case of the Ru oxide electrode sintered at 450'C, very la«ge 
aliphatic compounds such as tetradecaucic aqid, hexadecanoic acid, 
etc,» which are not found at the Ru oxide electrode slnsaied at 
€50*»C, are found with time. Aad, mnny unidentified peaks at the 
eleetxode amttred at 450''C ^»pearing at 120 min of eledxolytis are 
cansldeied to be due to oaiore cooiplicated oompounds. Itiose com- 
pounds are oogasideied to be synthesized tfarcM^ potbxiinrization re- 
actions of the ijoteimediate compounds. As the TOG decreases with 
(he electrolysis time at the Ru oxide electrode sintewsd at 450*0, it is 
considered that both paths of (he conversion of 4CP and its iatetme- 
dlases to CO2 and the polymerization to complicated compounds of 
hisher oaddation states occur as the same time a$ the electrode. On 
the other band, at dw Ru oxide electrode sintered at 650*^0, it is 
ooxjaideied that the conversion of 4CP to aromatic intermediates like 
hydroquinone and the combustion of them to CO, occur mainly 
without the polymerization reaction^ because the complicated com- 
pounds ate not found at 120 min of electrolysis. Accordingly^ ficm 
these results, jt is naturally inferred that the otganic deatcuction rate 
at the Ru oxide electrode sintered at 650^C is j&stejr than that at the 
Ru oxide electrode stnteied at 450*C with the same amoum of elec 
thcity, as shown in Fig. 9, because the hydroxyl radical gcneioted at 
the electrode sintered at 650*C is used only for the combustion of 
the aromatic hitetmediates to COj without the consumption of the 
hydroxyl radical for synthesis of the higher oxidation state com- 
pounds. In the case of the ir pKide elooti^de^ the compounds fbond 
at the electrode sintered at eSO^'C are the same as tiiose gcosrated at 
itc Ru oxide electrode sinceied at 650^. However, al the Xr oxide 
electrode sintered at 450^0, the amoums of generated hydigquinoDs, 



T^ble IL lDtenpiedlat«> generated during electrolysis of 4CP hy RoOa aod IrO, electrodes. 



Compound 



Retention time 
(min) 



Mbteeular fbmmla 



z-IXydmsy propanoic acid 

l-(Z-Edtoxyetboxy)-2-hydr»xyethuie 

4-Chlen)phenol 

2,6^hlor^enol 

2,4-Dictdlon^eool 



1 .4-Pthydfoxy-2-ehlerQbenseDe 
1 ,4-Dihydroxy-2-chloiobeazehe 
^^Oihydroxybeiizaic ecid 
Tfetradeeanoic acid 
Hexsdeesaole add 
Phthalates 

^6.10,15,l9.23-HfeX8nwtby1-2,6,10,l4,18,22^«tneo3ah«xaBne 



4.29 
5.BI 
7.03 
8,73 
8.95 
9.44 
10,60 
11.20 
14.02 
14.65 
16.60 
20.95 
23.46 



CjH,40, 

c«H4atO 
CSH404 
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^Sgm X2. Plausible destnietioa fcaction patb of 4CP At Ru ood Ir oiddc 
eleotxodes. 



l,4-dihydroxy-2-chloroben2ene, and diohlorophenols ai« xnuch 
wnaHer than the other cas«3 at 30 min of electrolysis. 

It is known that the aromatic nuos opeias first aod then convenjioa 
of the produced compound^ to CO2 follows, whenjphenol-Hke aro- 
matic cgmpound3 are destroyed at DSA«]cctrodes.^^^^ Thetd/OKe 
with respect to the results of Fig. XO, Fig. 11. mid the litcffaturei 
plausible dcconipowtion pathways of 4CP at Ir and Ru oxide elec- 
trodes smtcred at 450-650^C can be suggested, 83 shown to Fig. 12. 
As the hydro<|iijnoiie, I,4.dibydroxy-2<hlorobeo2eoe, and dichlo- 
rophenols increase first during the electrolysis^ it is thought that 4CP 
is changed to hydroquhjonp and fljen th© hydiloquinone is converted 
to l,4-dihydroxy-2-cWorobeawn«, dlchlwophenols, and so on. Then 
ling opening of ttte various derivatives brotight aboiu by the con- 
tinuow attack of the active hydroxy! radical leads to 
2-hydroxypropanoio acid and l-a-cthoxy«thioxy)-2-bydroxyetbanc. 
Through further oxidation, the light aliphatie compounds are con- 
v«n9d to CO2 or synthesized to large complicated aliphatic com- 
pounds like tctradecanoic acid, hexadeoanoio add, hexamethyitetra- 
cosahexa^ne, ^to,, depending on the electrode condition. At Ir oxide 
electrodes sintered at 450 and $50*C and Ru oxide electrode sin- 
tered at 650°C, the combustion reaction of 4CP tQ COi mainly oc- 
curs, and at the Ru oxide electrode sintered at 450^, the combus- 
tion reaction and polymerization reaction;^ of generated 
inictmediates occur simultaneously. 

From all the results, it is considered that the kind of catql^o 
oxide and its sintering temperature strongly aSiect properties of the 
electrode surface, which causes changes of the or^nlc dticoKapfm- 
tion pathway a« well as material and electrochemical properties. 
Tlierefore, w^en an oxide dectrode is developed, it 1$ considoted 
that the electrode should be lasted and evaluated in various aspeots, 
not in one or two views. 

Condasions 

Ir and Ru oxide electrodes sintered at around 650*C rather than 
in the range 400-550'C suggested in the litenrtute have the highest 
destniction yield of 4CP. Tht aintcdng time at a high ceny>erature 
above 600'C affects the oxide weight of the electrode and the elec- 
trode $urj&ce propertiee. Widi an increase of the sintering tempera- 
ture, the Ufetime of Ru oxide electrodes deoreases, but thatof Ir 



oxide electrodes increases. The high temperature-sintered oxide 
^ecfrode has an electrode suxftce structure showing an organic dc- 
coRxposition paUj diifferent from a low teaqperaturo sintered oxide 
electrode. A catalytic oxide electrode ft>r the puq>ose of oiganic 
destnicdon needs an integrated evaluation of the eleotzode properties 
in various aspects. 

Jh4 XorwJsomieEiurgyRwatih MstUut^ amtafin meeting the pub- 
ttcaHon eostr <tf this artist. 
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